Abstract The Oncotype DX Ò Recurrence Score Ò (RS) is a validated genomic predictor of outcome and response to adjuvant chemotherapy in ER-positive breast cancer. Adjuvant! was developed using SEER registry data and results from the Early Breast Cancer Clinical Trialists' overview analyses to estimate outcome and benefit from adjuvant hormonal therapy and chemotherapy. In this report we compare the prognostic and predictive utility of these two tools in node-negative, ER-positive breast cancer. RS and Adjuvant! results were available from 668 tamoxifen-treated NSABP B-14 patients, 227 tamoxifentreated NSABP B-20 patients, and 424 chemotherapy plus tamoxifen-treated B-20 patients. Adjuvant! results were also available from 1952 B-20 patients. The primary endpoint was distant recurrence-free interval (DRFI). Cox proportional hazards models were used to compare the prognostic and predictive utility of RS and Adjuvant!. Both RS (P \ 0.001) and Adjuvant! (P = 0.002) provided strong independent prognostic information in tamoxifentreated patients. Combining RS and individual clinicopathologic characteristics provided greater prognostic discrimination than combining RS and the composite Adjuvant!. In the B-20 cohort with RS results (n = 651), RS was significantly predictive of chemotherapy benefit (interaction P = 0.031 for DRFI, P = 0.011 for overall survival [OS], P = 0.082 for disease-free survival [DFS]), but Adjuvant! was not (interaction P = 0.99, P = 0.311, and P = 0.357, respectively). However, in the larger B-20 sub-cohort (n = 1952), Adjuvant! was significantly predictive of chemotherapy benefit for OS (interaction P = 0.009) but not for DRFI (P = 0.219) or DFS (P = 0.099). Prognostic estimates can be optimized by combining RS and clinicopathologic information instead of simply combining RS and Adjuvant!. RS should be used for estimating relative chemotherapy benefit.
Introduction
During the past decade, gene expression profiling has become a powerful tool for predicting risk of breast cancer recurrence and mortality. Several gene expression profiles have been found to predict risk of recurrence in untreated breast cancer patients and in those treated with hormonal therapy and/or chemotherapy [1] [2] [3] [4] [5] [6] . Oncotype DX is a commercially available, validated 21-gene assay that quantifies risk of distant recurrence in node-negative (N0), estrogen receptor-positive (ER?), tamoxifen-treated breast cancer patients [5, 7] . Oncotype DX has also been shown to significantly predict benefit from adjuvant non-anthracycline-based and anthracycline-based chemotherapy in N0 and node-positive, ER? patients [8, 9] . Clinical practice guidelines have included the 21-gene Recurrence Score (RS) in the management of N0, ER? breast cancer [10, 11] .
Adjuvant! is a popular tool that uses patient and tumor characteristics to predict 10-year breast cancer outcome based on SEER registry data [12, 13] . It also utilizes results from the Early Breast Cancer Clinical Trialists' Collaborative Group overview analyses to assign benefit from adjuvant therapies, and it assumes the same proportional reduction in recurrence and mortality across different prognostic categories [14] . Adjuvant! has been validated as a prognostic tool and is widely used by patients and oncologists to determine prognosis and to choose appropriate systemic therapy [15] .
It is clinically important to evaluate and compare the prognostic and predictive utility of RS and Adjuvant! in order to determine if they could be integrated in a manner that would enhance their clinical usefulness. Two previously reported studies have compared the prognostic utility of Adjuvant! and RS in N0 and node-positive patients treated with hormonal therapy with or without adjuvant chemotherapy and have demonstrated their independent prognostic contributions [16, 17] . However, no study to date has compared genomic classifiers with Adjuvant! in terms of their abilities to predict chemotherapy benefit.
In this study, we performed a comprehensive comparison of both the prognostic and predictive utilities of Oncotype DX and Adjuvant! at 10 years of follow-up using data from patients with N0, ER? breast cancer who participated in two NSABP clinical trials (B-14 and B-20).
Methods

Patient population
In NSABP B-14, 2892 N0, and ER? breast cancer patients were randomized between 1/82 and 1/88 to 5 years of placebo or 5 years of tamoxifen, and an additional 1235 patients were registered between 1/88 and 10/88 to receive 5 years of tamoxifen [18, 19] . Of the 2615 patients who were assigned to tamoxifen, the Oncotype DX assay was successfully performed in 668 clinically eligible patients with follow-up (CONSORT Fig. 1) .
In NSABP B-20, 2363 N0, ER? patients were randomized between 10/88 and 3/93 to tamoxifen alone or to tamoxifen plus cyclophosphamide, methotrexate, and fluorouracil (CMFT) or tamoxifen plus methotrexate and fluorouracil (MFT) [20] . Of those, 2299 were clinically eligible with follow-up. Blocks containing sufficient invasive breast cancer tissue were available for 670 patients. The Oncotype DX assay was successfully performed in 651 patients (227 tamoxifen-treated and 424 chemotherapy-plus-tamoxifentreated). In order to provide additional information on the predictive utility of Adjuvant!, a total 1952 patients from B-20 with known institutional tumor grade assessment were also evaluated in a separate analysis.
Study design and endpoints
The objective of this study was to compare the prognostic and predictive utility of Oncotype DX and Adjuvant! to determine if the two methodologies supply independent prognostic information and, if so, to develop an algorithm to integrate both into a single prognostic algorithm.
The primary pre-specified endpoint was distant recurrence-free interval (DRFI), defined as time from study entry to the first distant recurrence. Contralateral breast cancer, non-breast second primary cancers, and deaths before distant recurrence were considered censoring events. Loco-regional recurrences were not considered either as events or as censoring events. DRFI was used as the primary endpoint because distant recurrence is the endpoint of greatest direct clinical consequence to the patient with early stage breast cancer. Secondary endpoints included overall survival (OS), disease-free survival (DFS), and breast cancer-specific mortality (BCSM).
Patient eligibility criteria have been presented in previous publications [5] .
ER-positivity was determined by the ligand-binding assay. Tumor grade for all patients with Oncotype DX assessment was determined by a board-certified pathologist from Stanford University using the Elston modification of the Bloom-Richardson grading criteria [21] .
This study was approved by the Essex IRB (NJ), the Allegheny General Hospital IRB (PA), and the University of Pittsburgh IRB (PA).
Sample preparation, RS algorithm, and Adjuvant! risk index (RI) algorithm Gene expression in fixed paraffin-embedded tumor tissue was performed by Genomic Health, Inc, using the Oncotype DX assay [5] . The assay results provide a RS for each patient, scaled from 0 to 100, that is derived from the reference-normalized expression measurements for the cancer-related genes. The pre-specified cutoff points classified patients into low-risk (RS \ 18), intermediate-risk (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , and high-risk (RS C 31) groups [5] . The development of the computing algorithm and the cutoffs for RS have been previously described in detail [5] . An emulator of Adjuvant! Breast version 9.0 was kindly provided by Peter Ravdin, MD, and was used to develop an Adjuvant! RI for breast cancer mortality based on clinicopathologic information. Pathologic tumor size was available from 603 (90%) of the 668 eligible B-14 patients and from 638 (98%) of the 651 eligible B-20 patients. For patients without known pathologic tumor size, clinical tumor size was used instead. We could not assess the co-morbidity for individual patients from the study case report forms and the default assumption of minor health problems was used for all patients. For a patient of known age who had ER? with N0 breast cancer, and whose tumor size and tumor grade were known but who had not undergone any adjuvant treatment, the Adjuvant! estimate of breast cancer mortality without competing risks at 10 years of follow-up was regarded as the baseline risk, which is shown as ''10 Year Risk'' in Adjuvant! Breast and does not depend on the co-morbidity. Accounting for the 32% consensus risk reduction from tamoxifen, 10-year breast cancer mortality (with tamoxifen) was derived and was used as the risk integrator of those clinicopathologic factors. One hundred times this 10-year breast cancer mortality estimate was defined as the Adjuvant! RI for breast cancer recurrence in this comparative study. This RI was also adopted by Goldstein et al. [16] . Two cutoff points in RI were chosen so that the RI risk group had a distribution similar to that of the RS group.
Statistical analysis
Kaplan-Meier estimates were used to estimate 10-year event rates for RS and RI risk groups. As the basis for an appropriately based comparison of Adjuvant! Breast and Oncotype DX, the continuous percentiles of RS and RI were used for further assessment in regression analyses. These percentiles were denoted as RS-PCT and RI-PCT, respectively. Because RS-PCT and RI-PCT had a range from 0 to 100, they were divided by 50 and re-scaled to a range from 0 to 2 in regression analyses so that the associated hazard ratios (HRs) were comparable to those HRs associated with clinicopathologic factors. The original choice to present the HR for the continuous RS for a 50 unit increment was based on a desire to achieve comparability with categorization of tumor size and age into two groups and the categorization of grade into three groups. The HR of 3.12, corresponding to a 50-point increment in RS, is clinically relevant, as it was comparable to the greater than fourfold difference in distant recurrence risk at 10 years observed between the low RS and high RS groups (6.8 vs. 30.5%) [5] . Cox proportional hazards models were used to examine the association of either RS-PCT or RI-PCT with risk of distant recurrence. Multivariate Cox proportional hazards models were also used to examine whether RS and RI provide independent information, how RS and traditional clinicopathologic factors could be integrated into an enhanced predictor of patient prognosis, and whether the RI predicts benefits from chemotherapy. A P value \0.05 for the likelihood ratio test was used to determine the statistical significance of findings.
Results
Patient demographics
In the B-14 trial, the distributions of demographic, clinical, and treatment characteristics were similar between the 668 evaluable tamoxifen-treated patients with RS information and the remaining 1947 clinically eligible patients with follow-up (Supplemental Table S1A ). In B-20, the distributions of demographic, clinical, and tumor characteristics were also similar between the 651 evaluable patients with RS information and the remaining 1648 clinically eligible patients with follow-up (Supplemental Table S1B ). Median follow-up time for DRFI was 14.3 years for the 668 B-14 patients and 10.6 years for the 651 B-20 patients.
Comparison of the prognostic utility between RS and RI in tamoxifen-treated patients
Among the 668 evaluable tamoxifen-treated patients in B-14 with RS information, 338 (50.6%) were in the low RS group, 149 (22.3%) in the intermediate RS group, and 181 (27.1%) in the high RS group. The Adjuvant! RI values ranged from 0.7 to 32.3. Two cutoff points in RI were chosen so that the RI risk group had a distribution similar to that of the RS group: RI low (RI B 5.5), RI intermediate (5.5 \ RI B 11.9), and RI high (RI [ 11.9). The corresponding distribution was 52.7%, 18.6%, and 28.7% for the three RI groups, respectively. The concordance between the RS risk group and the RI risk group was 0.49, and the correlation between RS and RI was modest, with a Spearman correlation coefficient of 0.38 (Fig. 2) . RS was continuous, with values from 0 to 100, and RI had a discrete nature, with 19 levels for the 668 patients.
The Kaplan-Meier curves of DRFI across different RS and RI groups showed that patients in high-risk groups had the highest risk of distant recurrence, and those in low-risk groups had the lowest risk of distant recurrence over time (Supplemental Figures S1 and S2 ). Among the RI low patients, the proportions of distant recurrence at 10 years for the low, intermediate, and high RS groups increased from 5.6% to 10% and 18.2%, respectively. In the RI intermediate group, the proportions of distant recurrence at 10 years for the low, intermediate, and high RS groups increased from 13.4% to 13.9% and 43.2%, respectively. In the RI high group, the proportions of distant recurrence at 10 years for the low, intermediate, and high RS groups increased from 5% to 23.4% and 31.5%, respectively (Fig. 3) . On the other hand, among intermediate and high RS groups, the risk of distant recurrence at 10 years clearly increased with the RI risk, although such a relationship was not obvious in the low RS group ( Fig. 3; Supplemental  Fig. S3 ).
Based on Cox models with either continuous RS-PCT or RI-PCT as the sole predictor, the HRs associated with a 50-unit increment in RS-PCT or RI-PCT were 3.61 (95% CI = 2.49, 5.24; P \ 0.001) for RS-PCT and 2.87 (95% CI = 1.95, 4.23; P \ 0.001) for RI-PCT (Table 1) .
Integration of RS and RI in tamoxifen-treated patients
The multivariate Cox model with continuous RS-PCT and RI-PCT as predictors showed that both provided independent prognostic information beyond the other variable in tamoxifen-treated patients (Model 4, Table 1 ).
Results from multivariate Cox models, which included RS-PCT, RI-PCT, age, tumor size, and tumor grade as predictors, showed that while the introduction of RS-PCT and RI-PCT diminished the prognostic power of the traditional clinicopathologic factors, tumor size and grade remained significant predictors in the model, along with RS-PCT, while RI-PCT did not (Model 5, Table 1 ). This was also true when RS-PCT individually was added to the traditional clinicopathologic factors (Model 6, Table 1 ). However, as would be expected, the individual addition of RI-PCT to the traditional clinicopathologic factors had minimal effect on their prognostic impact, and RI-PCT was not a significant predictor in that model (Model 7, Table 1 ). Similar results were observed in multivariate analyses in which RS and RI risk groups were used instead (Supplemental Table S2 ).
Comparison of the predictive utility of chemotherapy benefit between RS and RI Percentage of Distant Recurrence After 10 Years [8] . On the other hand, 294 (45%) were in the low RI group, 145 (22%) in the intermediate RI group, and 212 (33%) in the high RI group. It has been previously shown that RS is a statistically significant predictor of benefit from MF or CMF (P = 0.038) [8] . The HRs associated with treatment benefit in DRFI for tamoxifen plus chemotherapy over tamoxifen alone were 1.31 (95% CI = 0.46, 3.78), 0.61 (95% CI = 0.24, 1.59), and 0.26 (95% CI = 0.13, 0.53) for the RS low-, intermediate-, and high-risk groups, respectively (likelihood ratio test for interaction P = 0.031) ( Table 2 ; Fig. 3 ) [8] . However, benefit from chemotherapy in DRFI was fairly uniform within RI categories, with HRs around 0.5-0.6 for the three RI groups (likelihood ratio test for interaction P = 0.99) ( Table 2 ; Fig. 4 ). Similar findings were observed for OS with interaction P values at 0.011 for RS and 0.311 for RI, respectively, and for DFS with interaction P values at 0.082 and 0.357 for RS and RI, respectively (Table 2) . Because the OS and DFS HRs for chemotherapy benefit according to RI categories trended towards more benefit with increasing RI categories, and in order to provide additional information and to obtain greater power regarding the predictive utility of Adjuvant!, we performed the same analysis for DRFI, OS, and DFS according to RI category in a group of 1952 patients from the original B-20 cohort, for which institutional tumor grade was known. The results indicate that Adjuvant! was predictive of treatment benefit for OS (interaction P = 0.009) but not for DRFI (interaction P = 0.219). For DFS, RI was marginally predictive of chemotherapy benefit (interaction P = 0.099) ( Table 2) .
Discussion
Previous studies of Oncotype DX have demonstrated that the RS provides independent, complementary prognostic information to that provided by traditional clinicopathologic factors in patients with N0 ER? breast cancer and that the RS is also predictive of chemotherapy benefit in these patients [5, 8, 17] . Our study demonstrates that the RS from Oncotype DX and RI from Adjuvant! are independent prognostic factors of risk of distant recurrence. As a validated integrator of classical clinicopathologic factors, Adjuvant! might have provided a promising surrogate of these factors to supplement Oncotype DX. However, our study indicates that, as a single composite measure that was derived to act as a standalone measure of prognosis, the individual clinicopathologic factors from which Adjuvant! is comprised provide more information when used to complement the RS and the biology that it already directly captures. Similar findings were observed when other endpoints such as OS, DFS, and BCSM were considered (Supplemental Tables S3-S5) . Therefore, when the prognosis of tamoxifen-treated N0, ER? patients is being assessed, one should utilize the individual clinicopathologic factors with RS as opposed to a composite measure such as Adjuvant! with RS. Although the independent prognostic contribution of Oncotype DX and Adjuvant! has been previously shown by other investigators in N0 and node-positive, ER? patients treated with hormonal therapy with or without chemotherapy, this is the first study to address the predictive ability of Adjuvant! in patients with N0, ER? breast cancer. In the B-20 cohort with RS results (n = 651), RS was significantly predictive of chemotherapy benefit (interaction P = 0.031 for DRFI, P = 0.011 for OS, P = 0.082 for DFS), but Adjuvant! was not (interaction P = 0.99, P = 0.311, and P = 0.357, respectively). The comparison of the predictive ability of Adjuvant! with that of RS in the B-20 study may be biased in favor of RS because a cohort of NSABP B-20 tamoxifen-treated patients was used, in part, to develop the gene list and algorithm for RS. However, this is unlikely to have caused appreciable bias, for two reasons. First, the results on the prognostic value of the RS in tamoxifen-treated patients from NSABP-20 were subsequently independently validated in NSABP B-14. Second, consistent with the treatment interaction for RS in NSABP B-20 (i.e., the relative risk reduction with chemotherapy was greater with high RS than with low RS), such a relationship has been observed either directly or indirectly in other datasets. In SWOG 8814, a significant correlation between RS and benefit from anthracycline-based chemotherapy was demonstrated in node-positive, ER?, postmenopausal patients [9] . In addition, the prognostic relationship between RS and risk of recurrence is consistently strong in groups of patients treated with hormonal therapy alone (as in NSABP B-14, SWOG 8814, and ATAC) [5, 9, 17] , and is consistently much less strong in groups of patients treated with chemotherapy plus hormonal therapy (as in SWOG 8814 and ECOG E2197) [9, 16] . The comparison of the predictive utility in B-20 might also be biased in favor of RS because RS was shown to be predictive of treatment benefit with DRFI as the endpoint, and Adjuvant! was developed with breast cancer mortality as the primary endpoint [8, 12, 15] . However, further analyses based on the 651 B-20 patients showed that the RS was not only predictive of chemotherapy benefit based on DRFI but was also based on BCSM and OS (Table 2; Supplemental  Table S6 ). Using those endpoints, RI was also shown to be a strong prognostic factor among tamoxifen-treated N0, ER? breast cancer patients in B-14 (Supplemental Tables S3 and  S4 ). For the 668 B-14 tamoxifen-treated patients included in this study, tumor grade was independently determined by an NSABP pathologist and two other external board-certified pathologists (from Stanford University and University of California, San Francisco) using the Elston modification [21] . The three RIs based on readings from the different pathologists were highly correlated with Spearman correlation coefficients ranging from 0.902 to 0.915. However, the actual values of these RIs can be quite different (Fig. 5) . The reproducibility problem of tumor grade in clinical practice can be a major issue that undermines the prognostic power of Adjuvant! Breast.
Although the interaction between chemotherapy benefit and RI risk group was not statistically significant in the 651 patients with Oncotype DX assay from the B-20 trial (Table 2; Supplemental Table S6 ), results from 1952 B-20 patients with known institutional tumor grade showed that RI risk group was a significant predictor of chemotherapy benefit for OS and a marginal predictor of chemotherapy benefit for DFS. However, the magnitude of the predictive ability of chemotherapy benefit is much weaker with RI than with RS. Overall in B-20, chemotherapy reduced the risk of mortality by 26%. For RI high-risk patients, chemotherapy reduced the risk of mortality by 43%, whereas for RS highrisk patients, chemotherapy reduced the risk of mortality by 69% (Table 2) . Thus, the discriminatory ability of RS to identify patients who would benefit from chemotherapy is stronger than that of Adjuvant! This is further reflected by the consistently significant interaction between RS and chemotherapy benefit observed across all studied endpoints even with the smaller sample size of 651 B-20 patients.
Another potential limitation of our study is that the chosen cutoffs for RI were determined to mimic the distribution of the RS groups among the 668 B-14 patients. Perhaps a dichotomization in RI, high-risk versus low-risk, would provide a better characterization of RI. However, the multivariate analyses with RS-PCT and RI-PCT, as continuous variables, indicated that selection of cutoffs for either assay had minor impact on the comparison. As can be seen from Fig. 2 , no matter which cutoff is chosen for RI, the associated Adjuvant! high-risk group would include a considerable proportion of RS low-risk patients who do not benefit from chemotherapy. This explains why Adjuvant! is a much weaker predictor of chemotherapy benefit when compared with the RS. Although it is not uncommon for prognostic factors to also be predictive of treatment effect (i.e., HER2 is both prognostic and predictive of trastuzumab benefit), there are several instances where prognostic factors are not predictive. For example, tumor size and nodal status are strongly prognostic but not predictive of chemotherapy benefit. Other factors such as tumor grade and Ki-67 by IHC are consistently prognostic but not consistently predictive of chemotherapy benefit [22] [23] [24] [25] . This phenomenon and the inclusion of proliferation genes in RS lend further support to our findings that RS is a stronger predictor of chemotherapy benefit than Adjuvant! In summary, genomic information from Oncotype DX and clinicopathologic information from Adjuvant! provided independent prognostic contributions in N0, ER? breast cancer patients. However, only Oncotype DX consistently predicted chemotherapy benefit across various endpoints. Results from the larger parent B-20 cohort showed that Adjuvant! predicted chemotherapy benefit, but only in OS, and the magnitude of prediction was less than that of the RS. Finally, alternative approaches for the integrated use of genomic and clinicopathologic parameters to optimize their prognostic impact should be examined.
